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Sjo¨gren’s syndrome (SS) is an autoimmune disease
characterized by exocrinopathy that leads to dry
eye and mouth. Although lymphocyte infiltration
into exocrine glands and the generation of autoanti-
bodies have been reported in SS, its pathogenic
mechanism remains elusive. Here, we show that
mice lacking the transcriptional regulator IkB-z
developed SS-like inflammation characterized by
lymphocyte-infiltrated dacryoadenitis and SS-asso-
ciated autoantibodies. In particular, epithelial cells,
but not hematopoietic cells, lacking IkB-z were
essential for the development of inflammation. IkB-z-
deficient epithelial cells in the lacrimal glands ex-
hibited enhanced apoptosis even in the absence of
lymphocytes. Administration of caspase inhibitors
ameliorated the inflammation, indicating the critical
role of caspase-mediated apoptosis. Furthermore,
epithelial cell-specific STAT3-deficient mice devel-
oped SS-like inflammation with impaired IkB-z
expression in the lacrimal glands. Thus, this study
reveals a pathogenic mechanism of SS in which
dysfunction of epithelial cells caused by disruption
of STAT3-mediated IkB-z induction elicits the activa-
tion of self-reactive lymphocytes.
INTRODUCTION
A diverse array of genetic and environmental factors is involved
in the pathogenesis of autoimmune diseases, which are the
subject of intense investigation. Sjo¨gren’s syndrome (SS) is a
major autoimmune disease that is characterized by ocular and450 Immunity 38, 450–460, March 21, 2013 ª2013 Elsevier Inc.oral dryness and affects 0.5% of the population (Fox, 2005).
Functional impairment of exocrine glands such as the salivary
and lacrimal glands is caused by autoimmune attack of epithelial
tissues by infiltrating lymphocytes; thus, SS is occasionally
referred to as autoimmune epithelitis (Mitsias et al., 2006).
Patients with SS frequently generate autoantibodies against
SS antigen A (SSA)/Ro and SS antigen B (SSB)/La, and therefore
the presence of these autoantibodies is widely used for the clin-
ical diagnosis of SS (Mavragani et al., 2000; Vitali et al., 2002).
These autoantigens are ubiquitously expressed ribonucleopro-
teins (Mavragani et al., 2000), so the localization of the antigens
does not account for the tissue-specific lesions. Additionally,
accelerated apoptosis (Manganelli and Fietta, 2003; Matsumura
et al., 1998; Nakamura et al., 1998; Polihronis et al., 1998) or
enhanced expression of MHC class II (Moutsopoulos et al.,
1986) or costimulatory (Manoussakis et al., 1999) molecules in
the salivary or lacrimal glands has been reported in SS patients.
Furthermore, several mouse models of SS indicate that the
aberrant activation of lymphocytes may elicit SS (Groom et al.,
2002; Li et al., 2004; Peng et al., 2010). However, the pathogenic
mechanisms of primary SS remain elusive because lymphocyte
activation possibly leads to apoptosis of epithelial cells and vice
versa. Therefore, the relationship between the cause and the
consequence needs to be clarified.
IkB-z, encoded by the Nfkbiz gene, is a member of the nuclear
IkB family of proteins that acts as a transcriptional regulator via
association with NF-kB (Yamazaki et al., 2001). Little IkB-z is
detectable in unstimulated cells but IkB-z is robustly induced
upon stimulation of Toll-like receptors (TLRs) or interleukin-1
(IL-1) receptor via transcriptional and posttranscriptional activa-
tion (Eto et al., 2003; Watanabe et al., 2007; Yamamoto et al.,
2004; Yamazaki et al., 2001, 2005). IkB-z is essential for the
induction of a subset of secondary response genes represented
by the proinflammatory cytokine IL-6 in response to various TLR
ligands in macrophages or fibroblasts (Motoyama et al., 2005;
Yamamoto et al., 2004). IkB-z is also induced in lymphocytes
Figure 1. Nfkbiz–/– Mice Develop Lymphocyte-Dependent Chronic Inflammation
(A and B) Incidence and progression of the inflammation inNfkbiz/ (/) and Nfkbiz+/+ (+/+) littermate control mice. Pathological phenotypes were scored as in
Figure S1A after birth (n = 30). Incidence of the disease (scoreR 1) is expressed as a percentage. The disease scores are shown as mean ± SD.
(C) Histology of the periocular skin and conjunctiva of 5-month-old Nfkbiz/ and Nfkbiz+/+ littermate mice. Sections of periocular skin and conjunctiva were
stained with hematoxylin and eosin (HE) or immunostained with either CD3 (green) and B220 (red) antibodies or CD8 (green) and CD4 (red) antibodies. The nuclei
were stained with DAPI (blue).
See also Figure S1.
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Autoimmune Disease in IkB-z-Deficient Miceupon antigen receptor stimulation (Hijioka et al., 2007; Okamoto
et al., 2010). IkB-z induction in CD4+ T cells is required for
efficient T helper 17 (Th17) cell differentiation and therefore
IkB-z-deficient mice are resistant to experimental autoimmune
encephalomyelitis (Okamoto et al., 2010).
Despite impaired Th17 cell generation, IkB-z-deficient mice
spontaneously develop severe inflammation in the conjunctiva
and periocular skin (Ueta et al., 2005; Yamamoto et al., 2004).
Although Th2 cell-polarized IL-4-mediated allergy was sus-
pected in the mice (Shiina et al., 2004), it is unlikely because
mutant mice lacking both IkB-z and STAT6, in which IL-4
signaling is abrogated, similarly developed inflammation (Ueta
et al., 2008). In this study, we showed that IkB-z-deficient mice
developed an SS-like autoimmune disease. IkB-z deficiency in
hematopoietic cells was not essential for disease development.
Instead, enhanced apoptosis in IkB-z-deficient epithelial tissue
preceded lymphocyte infiltration, which culminated in inflamma-
tion. These results reveal a previously unknown role for IkB-z in
the homeostasis of epithelial tissues and a possible molecular
mechanism for the pathogenesis of SS.
RESULTS
Development of Inflammation in IkB-z-Deficient Mice
Requires Lymphocytes
IkB-z-deficient (Nfkbiz/) mice spontaneously develop con-
junctivitis and periocular dermatitis under specific-pathogen-
free conditions (Yamamoto et al., 2004). Eyelid swelling was
detected in some Nfkbiz/ mice as early as 2 weeks after birth,
and the inflammatory changes became evident in all mutant
mice by 8 weeks regardless of sex (Figures 1A and 1B; Fig-
ure S1A available online). Dermatitis inNfkbiz/mice was local-ized primarily at the periocular region and progressively
extended to the whole face, presenting as erosion and loss of
hair. Disease scoring based on the inflamed area and the severity
of inflammation indicated that the clinical manifestation was
gradually exacerbated until around 20 weeks.
It has been reported that several mutant mice in which NF-kB
function in the epidermis is dysregulated develop inflammation
of the skin (Nenci et al., 2006; Omori et al., 2006; Pasparakis
et al., 2002; Rebholz et al., 2007). Because the inflammation in
those mutant mice was dependent on tumor necrosis factor
(TNF), we crossed Nfkbiz/ mice with Tnf/ mice (Taniguchi
et al., 1997) to generate Nfkbiz/Tnf/ mice. Interestingly,
Nfkbiz/Tnf/ mice developed inflammation similar to that
seen in Nfkbiz/ mice (Figures S1B–S1E), indicating that
TNF-a is dispensable for the inflammation, and hence the
pathology of the inflammation in Nfkbiz/ mice is distinct from
inflammation observed in the previously described mutant mice.
Immunohistochemical analysis revealed heavy infiltration of
lymphocytes in the dermis of the inflamed skin in Nfkbiz/
mice (Figure 1C). In addition to T cells, infiltration of B cells
was observed in the conjunctiva in mutant mice. The majority
of the infiltrating T cells were of the CD4+ T cell subset. In
contrast to infectious or hypersensitive lesions, infiltration of
myeloid cells, such as neutrophils and eosinophils, was scarcely
observed in this lesion (Figure S1F).
As the inflammation progressed, Nfkbiz/ mice exhibited
splenomegaly and lymphadenopathy with greatly increased
numbers of T and B cells (Figures S1G–S1I). CD44hi memory
or activated T cells were increased in the cervical lymph nodes
of the Nfkbiz/mice compared to wild-type littermates (Figures
S1J and S1K). Intracellular cytokine staining for interferon-g
and IL-17 revealed that Th1 cell-type response, rather thanImmunity 38, 450–460, March 21, 2013 ª2013 Elsevier Inc. 451
Figure 2. Lymphocytes Are Critical for the Development of Inflammation
(A and B) Incidence and progression of inflammation in Nfkbiz/, Rag2/, and Nfkbiz/Rag2/ mice. Incidence and disease score of littermate Rag2/ and
Nfkbiz/Rag2/mice (n = 10), together with those ofNfkbiz/mice (n = 30), are shown. Incidence of the disease (scoreR 1) is expressed as a percentage. The
disease scores are shown as mean ± SD.
(C) Histology of the periocular skin and conjunctiva of a 4-month-old Rag2/ and Nfkbiz/Rag2/ mice. Sections of periocular skin and conjunctiva were
stained with HE.
See also Figure S2.
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Autoimmune Disease in IkB-z-Deficient MiceTh17 cell-type response, was activated in the spleen and the
cervical lymph nodes (Figure S1L), a result consistent with
the previous finding that IkB-z is required for efficient Th17
cell differentiation (Okamoto et al., 2010). Furthermore, the
number of CD138+ plasmacytes was increased in the lymph
nodes (Figure S1M). Accordingly, serum concentrations of
various immunoglobulin subtypes were elevated in Nfkbiz/
mice (Figure S1N).
In order to evaluate the roles of lymphocytes in the in-
flammatory response, we generated Nfkbiz/Rag2/ mice. In
Nfkbiz/Rag2/ mice lacking mature lymphocytes (Shinkai
et al., 1992), inflammationwasdramatically alleviated (Figure S2).
The incidence of the disease was much lower than in Nfkbiz/
mice, and the onset and progression of the inflammation were
substantially delayed (Figures 2A and 2B). Histopathological
analysis of the periocular skin and the conjunctiva in 12-week-
old Nfkbiz/Rag2/ mice did not reveal any infiltrating cells
or any other signs of inflammation (Figure 2C). Taken together,
these observations indicated that activated lymphocytes are
essential for the initiation and/or progression of inflammation.
Inflammation in IkB-z-DeficientMice IsCausedby anSS-
like Autoimmune Disease
Because lymphocytes play a critical role in inflammation, we
next examined the presence of autoantibodies in Nfkbiz/
mice. Immunohistochemical studies showed that serum from
Nfkbiz/ mice, but not wild-type mice, reacted with the nuclei
of cells in the skin (Figure 3A). Consistent with this finding, we
detected high titers of anti-nuclear antibody in Nfkbiz/ mice
(Figure 3B).
Because inflammation in the mutant mice was always initiated
in the periocular regions, we carefully analyzed the periorbital
tissues in Nfkbiz/ mice. We found that the exorbital lacrimal
glands in Nfkbiz/ mice exhibited inflammation characterized
by a periductal infiltration of CD4+ T cells and B cells (Figure 3C).
Reduced tear secretion was also observed in Nfkbiz/ mice
(Figure 3D). Because these symptoms are a hallmark of SS, we
measured the diagnostic markers of SS. As anticipated, high
titers of both SSA and SSB antibodies, which are sensitive and
specific to primary SS, respectively (Vitali et al., 2002), were de-
tected in the sera of Nfkbiz/mice (Figures 3E and 3F). Further-452 Immunity 38, 450–460, March 21, 2013 ª2013 Elsevier Inc.more, aged Nfkbiz/ mice often exhibited interstitial pneu-
monia, a frequent complication of SS (Figure 3G; Table S1).
Collectively, these observations indicate that IkB-z-deficient
mice develop an SS-like autoimmune disease.
IkB-z Deficiency in Hematopoietic Cells Is Not Essential
for SS-like Inflammation
To further investigate the roles of IkB-z-deficient lymphocytes,
we adoptively transferred splenocytes prepared from wild-type
(+/+) or Nfkbiz/ (/) mice to either Nfkbiz+/+Rag2/ (+/+) or
Nfkbiz/Rag2/ (/) recipient mice (Figures 4A and S3A).
As expected, adoptive transfer of Nfkbiz/ (/) splenocytes
to Nfkbiz/Rag2/ (/) recipient mice (/ / / in Fig-
ure 4A) elicited severe periocular inflammation, as in Nfkbiz/
mice. Surprisingly, wild-type (+/+) splenocytes induced heavy
inflammation when transferred to Nfkbiz/Rag2/ (/) recip-
ient mice (+/+/ /) as well as Nfkbiz/ (/) splenocytes.
Transfer of purified wild-type T cells, but not B cells, induced
ocular inflammation in Nfkbiz/Rag2/ (/) recipient mice
(Figure 4B). Furthermore, purified wild-type CD4+ T cells alone
were sufficient to induce inflammation. In contrast, Nfkbiz/
(/) splenocytes did not elicit any inflammation in Nfkbiz+/+
Rag2/ (+/+) recipient mice (/ / +/+). Thus, whereas the
presence of lymphocytes is essential for inflammation, IkB-z
deficiency in lymphocytes is not required for the development
of the disease. Consistent with this conclusion, fetal liver transfer
from Nfkbiz/ mice to lethally irradiated wild-type mice did not
elicit inflammation (Figures S3B and S3C), further excluding
a principal role for IkB-z-deficient hematopoietic cells in eliciting
inflammation.
To identify the IkB-z-deficient cells responsible for the inflam-
mation, we generated Nfkbizflox/flox mice, in which exons 5–7 of
the Nfkbiz gene were flanked by loxP sites, by gene targeting
with C57BL/6-derived embryonic stem cells (Figures S4A–
S4C). At first, we crossed the Nfkbizflox/flox mice with CAG-Cre
transgenic mice (Sakai and Miyazaki, 1997) to create mice lack-
ing IkB-z in thewhole body on the C57BL/6 background (referred
to as NfkbizD/D). The NfkbizD/D mice developed SS-like dacryoa-
denitis, conjunctivitis, and periocular dermatitis in common with
Nfkbiz/mice, which were on the 129Sv-C57BL/6 mixed back-
ground (Figures S4D–S4F).
Figure 3. Nfkbiz–/– Mice Develop SS-like
Autoimmune Disease
(A) Immunostaining of periocular skin of wild-type
mice with serum from Nfkbiz+/+ (+/+) or Nfkbiz/
(/) mice. Sections of periocular skin were
incubated with mouse serum and then stained
with Alexa Fluor 488-conjugated anti-mouse IgG
(green). The nuclei were stained with DAPI (red).
(B) Serum concentrations of anti-nuclear antibody
(ANA) in Nfkbiz+/+ and Nfkbiz/ mice.
(C) Histology of the lacrimal glands of 5-month-old
Nfkbiz/ and Nfkbiz+/+ littermate mice. Sections of
the lacrimal glands were stained with HE or immu-
nostained with either CD3 (green) and B220 (red)
antibodies or CD4 (red) and CD8 (green) antibodies.
The nuclei were stained with DAPI (blue).
(D) Tear secretion volume in 2-month-old Nfkbiz+/+
(+/+),Nfkbiz+/ (+/), andNfkbiz/ (/) littermate
mice. Tear volume was measured by a modified
Schirmer test. Data shown are mean ± SEM (n = 5).
(E and F) Serum concentrations of SSA and SSB
antibodies in Nfkbiz+/+ and Nfkbiz/ mice.
(G) Pneumonia in Nfkbiz/ mice. Paraffin sections
from a pneumonic lung of a Nfkbiz/ (/) mouse
and the lung of a littermate control Nfkbiz+/+ (+/+)
mouse were stained with HE.
Antibody concentrations in serum were measured
by ELISA. Horizontal bars show the mean value.
*p < 0.05, **p < 0.01, and ***p < 0.001. See also
Table S1.
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Autoimmune Disease in IkB-z-Deficient MiceNfkbizflox/flox mice were then bred with various Cre-expressing
mice to establish cell type-specific mutant mice. Neither Lck-
Cre;NfkbizD/flox nor Mb1-Cre;Nfkbizflox/flox mice, which specifi-
cally lacked IkB-z in T or B cells (Hobeika et al., 2006; Takahama
et al., 1998), exhibited any apparent inflammation up to 30weeks
after birth (Figures S4G–S4I). These observations were consis-
tent with the results obtained from adoptive transfer analysis,
further ruling out the pathological role of IkB-z deficiency in
lymphocytes. We also bred Nfkbizflox/flox mice and LysM-CreImmunity 38, 450–4mice (Clausen et al., 1999) to evaluate
the possible roles of myeloid cells. In
LysM-Cre;Nfkbizflox/flox mice, lipopoly-
saccharide-induced IkB-z expression in
bone marrow-derived macrophages from
LysM-Cre;Nfkbizflox/flox mice was severely
suppressed, indicating the efficient dis-
ruption of the Nfkbiz locus in myeloid cells
(Figure S4J). However, the mutant mice
did not exhibit inflammation (Figure S4G),
indicating that IkB-z deficiency in myeloid
cells is not the major cause of disease.
These results are consistent with the
conclusion that IkB-z deficiency in hema-
topoietic cells is not a cause of the
disease.
IkB-z Deficiency in Epithelial Cells
Causes SS-like Inflammation
The above experiments suggested a crit-
ical role for nonhematopoietic cells ininducing inflammation in IkB-z-deficient mice. Because the
inflammation is localized to the lacrimal glands, conjunctiva,
and facial skin, we suspected that dysfunction of epithelial
cells might be involved in the pathogenesis. We thus bred the
Nfkbiz-floxed mice with K5-Cre mice (Tarutani et al., 1997), in
which the Cre recombinase is expressed under the promoter
of keratin 5 (Krt5), a marker of epithelial cells. Immunohisto-
chemical analysis revealed the specific expression of keratin
5 in the epidermis and epithelial cells in the conjunctiva and60, March 21, 2013 ª2013 Elsevier Inc. 453
Figure 4. IkB-z Deficiency in Lymphocytes Is Not Essential for
Inflammation in Nfkbiz–/– Mice
(A) Progression of inflammation in mice after adoptive transfer. Splenocytes
(1 3 107 cells) from Nfkbiz+/+ or Nfkbiz/ mice were adoptively transferred to
Nfkbiz+/+Rag2/ or Nfkbiz/Rag2/ mice. +/+ and / indicate the geno-
types of the Nfkbiz alleles. Pathological phenotypes were scored as in Fig-
ure S1 after adoptive transfer (n = 3–4).
(B) Progression of inflammation in Nfkbiz/Rag2/ mice transplanted with
T, B, or CD4+ T cells. Purified T cells (3 3 106 cells), B cells (3 3 106 cells), or
CD4+ T cells (2 3 106 cells) from Nfkbiz+/+ mice were transplanted into
Nfkbiz/Rag2/ mice (n = 4–8).
The disease scores are shown as mean ± SD. See also Figure S3.
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Autoimmune Disease in IkB-z-Deficient Micethe lacrimal glands, including both ductules and acini, in
addition to epithelial cells in the medullary thymus (Figure 5A).
As expected from the epithelial-specific disruption, marked
reduction of Nfkbiz mRNA expression was observed in the
skin, conjunctiva, and lacrimal glands, but not in the lymph
nodes, of K5-Cre;Nfkbizflox/flox mice, whereas the expression
was normal in stimulated T and B cells and macrophages (Fig-
ures 5B and S4H–S4J). K5-Cre;Nfkbizflox/flox mice lacking IkB-z
in epithelial cells exhibited inflammation similar to Nfkbiz/
mice (Figures 5C–5G and S4K). In spite of delayed onset and
milder progression of the symptoms, inflammation with infil-
trating lymphocytes was observed in the periocular skin, con-
junctiva, and lacrimal glands of the K5-Cre;Nfkbizflox/flox mice.
Moreover, a significant elevation of both SSA and SSB anti-
bodies was detected. These results indicate that IkB-z defi-
ciency in the epithelial tissues is sufficient to induce the SS-like
autoimmune disease.454 Immunity 38, 450–460, March 21, 2013 ª2013 Elsevier Inc.Enhanced Apoptosis in IkB-z-Deficient Lacrimal Glands
Is Associated with SS-like Inflammation
It has been reported that aberrant apoptosis was observed in
the exocrine glands of SS patients (Manganelli and Fietta,
2003; Matsumura et al., 1998; Nakamura et al., 1998; Polihronis
et al., 1998) and animal models of the disease (Ishimaru et al.,
1999; Saegusa et al., 2002). We therefore examined apoptosis
in the lacrimal glands. Compared with control mice, increased
TUNEL-positive cells were detected in the lacrimal glands of
Nfkbiz/ and K5-Cre;Nfkbizflox/flox mice (Figures 6A and S5A).
It is noteworthy that the lacrimal glands of Nfkbiz/Rag2/
mice, in which inflammation was not apparent, also exhibited
excessive apoptotic cells, indicating that the enhanced apo-
ptosis did not result from inflammation. Consistent with the in-
creased apoptosis, caspase 3 processing in the lacrimal glands
was upregulated in Nfkbiz/ mice regardless of the occurrence
of inflammation (Figure 6B).
The enhanced apoptosis in IkB-z-deficient lacrimal glands
prompted us to examine the role of IkB-z in regulation of
apoptosis. The mouse keratinocyte cell line Pam212 was in-
fected with retrovirus harboring IkB-z cDNA and effects of
IkB-z expression on apoptosis was examined. Among three
alternative splicing variants of IkB-z (Motoyama et al., 2005; Ya-
mazaki et al., 2005), cells expressing IkB-z(L) and IkB-z(S), but
not IkB-z(D), exhibited markedly reduced early apoptosis and
secondary necrosis induced by tunicamycin or etoposide (Fig-
ures 6C, S5B, and S5C).
To determine whether the increased apoptosis caused the
SS-like inflammation, we intravenously administered the pan-
caspase inhibitor Z-VAD-FMK or the caspase-3, caspase-7,
caspase-8-directed inhibitor Ac-DEVD-CHO into the right eye
of Nfkbiz/ mice from 4 to 7 weeks after birth, a period when
most of the mutant mice developed the autoimmune disorder.
Administration of the caspase inhibitors suppressed apoptosis
in the lacrimal glands of Nfkbiz/ mice (Figure 6D). Compared
with mice treated with vehicle or a negative control, Z-FA-
FMK, dramatic amelioration of inflammatory lesions was ob-
served at 8 weeks in the eye treated with either caspase inhibitor
but not in the other eye (Figures 6E, 6F, and S5D). Accordingly,
tear secretion was increased in the inhibitor-administered eyes
(Figure 6G). These findings strongly suggest that enhanced
apoptosis in the IkB-z-deficient epithelial cells is the primary
cause of the SS-like autoimmune disease in IkB-z-deficient
mice.
Expression of IkB-z in the Lacrimal Glands Requires
STAT3
Previous reports showed that IkB-z expression requires MyD88-
dependent or STAT3-dependent signals (Okamoto et al., 2010;
Yamamoto et al., 2004). Because MyD88-deficient mice do not
exhibit apparent inflammation, we suspected that STAT3 might
be involved in the expression of IkB-z in epithelial cells. Because
STAT3-deficient mice are embryonic lethal (Takeda et al., 1997),
we created epithelial cell-specific STAT3-deficient mice (K5-
Cre;Stat3flox/flox) and examined IkB-z expression in the lacrimal
glands. A previous report showed that although migration of
keratinocytes during wound healing was impaired, keratinocyte
proliferation and the development of the epidermis were normal
in the epithelial STAT3 knockout mice (Sano et al., 1999).
Figure 5. IkB-z Deficiency in Epithelial Cells Causes Inflammation
(A) Expression of keratin 5 in the skin, conjunctiva, lacrimal glands, and thymus. Sections of the indicated tissues from wild-type mice were stained with keratin 5
antibodies (green). The nuclei were stained with DAPI (blue).
(B) Expression ofNfkbizmRNA in tissues ofNfkbizflox/flox and K5-Cre;Nfkbizflox/flox mice.NfkbizmRNAwas quantitated by real-time RT-PCR in the indicated Krt5-
expressing tissues from Nfkbizflox/flox and K5-Cre;Nfkbizflox/flox mice. Abbreviations are as follows: Conj, conjunctiva; LG, lacrimal gland; SMG, submandibular
gland; Thy, thymus; LN, lymph node. Data shown are mean ± SEM (n = 3).
(C and D) Incidence (C) and progression of inflammation (D) in K5-Cre;Nfkbizflox/flox mice. Pathological phenotypes ofNfkbiz/ (n = 30),Nfkbizflox/flox (n = 10), and
K5-Cre;Nfkbizflox/flox (n = 10) mice were scored as in Figure S1 after birth. The disease scores are shown as mean ± SD.
(E) Histology of the periocular skin, conjunctiva, and lacrimal glands in 5-month-old K5-Cre;Nfkbizflox/flox mice. Sections of the indicated tissues were stained with
HE or immunostained with CD3 (green) and B220 (red) antibodies. The nuclei were stained with DAPI (blue).
(F and G) Serum concentrations of SSA (F) and SSB (G) antibodies in Nfkbizflox/flox and K5-Cre;Nfkbizflox/flox mice. Antibody concentrations in serum were
measured by ELISA. Horizontal bars show the mean value. *p < 0.05 and **p < 0.01.
See also Figure S4.
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Autoimmune Disease in IkB-z-Deficient MiceWhereas IkB-z expression in the lacrimal glands was clearly
detected in wild-type mice, the expression of IkB-z was signifi-
cantly reduced in K5-Cre;Stat3flox/flox mice, indicating a critical
role for STAT3 in the expression of IkB-z (Figure 7A).
Moreover, K5-Cre;Stat3flox/flox mice developed periocular in-
flammation similar to K5-Cre;Nfkbizflox/flox mice, both in the
timing of onset and the severity of the symptoms (Figures 7B,
7C, and S7). In addition to lymphocyte-infiltrating periocular
dermatitis, conjunctivitis, and dacryoadenitis, elevated SSA
and SSB antibody titers were detected in K5-Cre;Stat3flox/flox
mice (Figures 7D–7F). Collectively, these data strongly suggest
that STAT3-dependent IkB-z expression plays a critical homeo-
static role in epithelial tissues such as the lacrimal glands and
that defects in this homeostasis lead to the SS-like autoimmune
disease.
DISCUSSION
In the present study, we have shown that the spontaneous devel-
opment of inflammation in IkB-z-deficient mice is accompanied
by histological and functional abnormalities in the lacrimal
glands and the production of anti-nuclear antibodies, including
SSA and SSB antibodies. These characteristics fulfill the diag-nostic criteria for SS in humans (Vitali et al., 2002), and hence
IkB-z-deficient mice provide a unique animal model for the
disease based onmutation of a single gene. Most of the previous
studies on SS model mice showed that abnormalities in lympho-
cytes induced the autoimmune exocrinopathy (Groom et al.,
2002; Li et al., 2004; Peng et al., 2010). In contrast, this study
has demonstrated that abnormalities in epithelial tissues are
also sufficient to elicit SS-like autoimmune disease. We ob-
served no obvious symptoms in the salivary glands in IkB-z-defi-
cient mice, in common with some SS patients (Al-Hashimi et al.,
2001; Vissink et al., 2003), suggesting the presence of IkB-z-
independent homeostatic mechanisms in the salivary epithe-
lium. Intriguingly, the salivary glands of K5-Cre;Nfkbiz/ mice
exhibited sustained expression of IkB-z.
Although previous studies demonstrated critical roles of IkB-z
in the responses of macrophages to pathogens (Motoyama
et al., 2005; Yamamoto et al., 2004) and in Th17 cell development
(Okamoto et al., 2010), this study showed that defects in hema-
topoietic cells, including macrophages, dendritic cells, and
T cells, are not essential for inflammation in IkB-z-deficient
mice. Although SSA and SSB antibodies are often detected in
SS patients, our transfer experiments showed that only CD4+
T cells are required to elicit the disease in Nfkbiz/Rag2/Immunity 38, 450–460, March 21, 2013 ª2013 Elsevier Inc. 455
Figure 6. Enhanced Apoptosis in the IkB-z-
Deficient Lacrimal Glands Is Associated
with SS-like Inflammation
(A) Apoptosis in the lacrimal glands of the
mice. TUNEL assays were performed with sections
from the lacrimal glands of Nfkbiz+/+, Nfkbiz/,
Nfkbizflox/flox, K5-Cre;Nfkbizflox/flox, Rag2/, and
Nfkbiz/Rag2/ mice. The numbers of TUNEL-
positive cells were quantitated (n = 3).
(B) Caspase processing in the lacrimal glands of
the mice. Lysates prepared from the lacrimal
glands of Nfkbiz+/+, Nfkbiz/, Rag2/, and
Nfkbiz/Rag2/ mice were immunoblotted with
caspase-3 and b-actin antibodies.
(C) Antiapoptotic activity of IkB-z. Pam212 cells
were retrovirally transduced to express IkB-z(L),
IkB-z(S), or IkB-z(D) and the green fluorescence
protein (GFP). Apoptosis was induced with
100 ng/ml of tunicamycin or 100 mM of etoposide
for 24 hr and cells were subjected to flow cyto-
metric analysis after annexin V and DAPI staining.
Percent frequencies of early apoptotic cells
(annexin V-positive and DAPI-negative) in GFP-
positive cells are shown (n = 2). Data shown are
representative of three independent experiments.
Abbreviations are as follows: TA, transactivation
domain; ANK, ankyrin repeats.
(D–G) Phenotypes of Nfkbiz/ mice administered
with caspase inhibitors. 100 nmol/mouse of Z-FA-
FMK (n = 5), Z-VAD-FMK (n = 5), Ac-DEVD-CHO
(n = 7), or vehicle (None; n = 5) were injected three
times per week into the fundus vein in the right eye
of 4-week-old Nfkbiz/ mice. The numbers of
TUNEL-positive cells in the lacrimal glands were
quantitated (n = 3) (D). Progression of the inflam-
mation (E) and histology of the conjunctiva and
lacrimal glands (F) on the right side of the face and
tear secretion volume from the right eyes (G) of
Nfkbiz/ mice after administration of the inhibitors
for 4 weeks are shown. The arrow in (E) indicates
the day administration was started. The disease
scores are shown as mean ± SD.
Data are shown as mean ± SEM. *p < 0.05, **p <
0.01, and ***p < 0.001. See also Figure S5.
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tion. Thus, the autoantibodies are generated by the inflammation
but are not a direct cause of the disease in IkB-z-deficient mice.
Instead, dysfunction of epithelial cells lacking IkB-z is critically
involved in the development of the disease.
We found in this study that epithelial deletion of STAT3 also
induced the SS-like symptoms. Because IkB-z expression was
significantly reduced in the lacrimal glands of STAT3-deficient
mice, STAT3 is required for the expression of IkB-z. Although
the identity of an inducer(s) that elicits IkB-z expression is
currently unknown, our preliminary study revealed that EGF or
epiregulin elicited STAT3 phosphorylation and IkB-z induction
in keratinocytes. Because EGF is constitutively secreted in tears
by the lacrimal glands (Dartt, 2004) and its concentration is
decreased in SS patients (Pflugfelder et al., 1999), EGF or its
homologs may elicit IkB-z expression via STAT3 activation in
epithelial tissues such as the lacrimal glands. Although in situ
hybridization detected Nfkbiz mRNA in various organs in lipo-
polysaccharide-treated mice, it failed to detect IkB-z expression456 Immunity 38, 450–460, March 21, 2013 ª2013 Elsevier Inc.in any tissues in untreated mice, including the lacrimal glands
(data not shown), indicating that the expression of IkB-z is kept
at low levels in healthy animals. Thus, homeostatic expression
of IkB-z is quantitatively different from IkB-z induction upon
infection with pathogens. We propose here that the constitutive
induction of IkB-z is critical for homeostasis in tissues such as
the lacrimal glands.
Epithelial deletion of IkB-z resulted in the acceleration of
apoptosis in the lacrimal glands. Accumulating evidence sug-
gests that aberrant apoptosis plays a key role in the pathogen-
esis of various autoimmune diseases, including SS (Apostolou
et al., 2003; Giordano et al., 1997; Ito et al., 1997; Matsumura
et al., 1998; Nakamura et al., 1998). Enhanced apoptosis is
considered to be involved in the impairment of secretory function
and the generation of cryptic epitopes of autoantigens such as
a-fodrin (Haneji et al., 1997; Huang et al., 2005; Nagaraju et al.,
2001; Saegusa et al., 2002). Amelioration of the symptoms by
local administration of caspase inhibitors supports the critical
role of apoptosis in the development of inflammation. It is to be
Figure 7. K5-Cre;Stat3flox/flox Mice Develop SS-like Inflammation
(A) Expression of IkB-z in the lacrimal glands. Lysates prepared from the lacrimal glands of Nfkbiz+/+, Nfkbizflox/flox, NfkbizD/D, K5-Cre;Nfkbizflox/flox, and K5-
Cre;Stat3flox/flox mice were immunoblotted with IkB-z, STAT3, and b-actin antibodies. An asterisk indicates a nonspecific band.
(B and C) Incidence (B) and progression (C) of inflammation in K5-Cre;Nfkbizflox/flox, Stat3flox/flox, and K5-Cre;Stat3flox/flox mice. The disease scores are shown as
mean ± SD (n = 10).
(D) Histology of the periocular skin, conjunctiva, and lacrimal glands of 5-month-old K5-Cre;Stat3flox/flox mice. Sections of the indicated tissues were stained with
HE or immunostained with CD3 (green) and B220 (red) antibodies. The nuclei were stained with DAPI (blue).
(E and F) Serum concentrations of SSA (E) and SSB (F) antibodies in Stat3flox/flox and K5-Cre;Stat3flox/flox mice. Horizontal bars show the mean value. *p < 0.05
and **p < 0.01.
See also Figure S6.
Immunity
Autoimmune Disease in IkB-z-Deficient Micenoted that increased apoptosis was also observed in Nfkbiz/
Rag2/mice that lack infiltrating lymphocytes. Thus, the accel-
eration of apoptosis is not caused by inflamed leukocytes, but
precedes the inflammation that requires T cells, in sharp contrast
to T cell-mediated apoptosis (Kong et al., 1997; Polihronis et al.,
1998; Wu et al., 1996). Because some Nfkbiz/Rag2/ mice
exhibited weak inflammation with delayed onset, it is likely
that continuously enhanced apoptosis in the IkB-z-deficient
epithelial cells eventually induces inflammation, possibly depen-
dent on myeloid cells in the absence of infiltrating lymphocytes.
Considering that apoptosis is enhanced in IkB-z-deficient
lacrimal glands, the simplest explanation is that IkB-z plays
a protective role against apoptosis, which is evoked possibly
by persistent endoplasmic reticulum stress in tissues such as
the lacrimal glands that secrete a large amount of protein (Hetz,
2012). In fact, expression of IkB-z(L) or IkB-z(S) in Pam212 cells
conferred resistance to apoptosis induced by endoplasmic retic-
ulum stresswith tunicamycin. The observation that IkB-z(D) lack-
ing the transactivation domain (Motoyama et al., 2005) failed to
exhibit the activity strongly suggests that IkB-z-mediated gene
activation is required for the antiapoptotic activity. Furthermore,it has been reported that EGF, which is capable of inducing
IkB-z expression in a STAT3-dependent manner, significantly
suppresses apoptosis in conjunctival epithelial cells both
in vitro and in vivo (Higuchi et al., 2006; Xiao et al., 2012).
This study uncovered a pathogenic mechanism of SS-like
inflammation in which apoptosis in epithelial cells enhanced by
deletion of IkB-z or STAT3 elicits the autoimmune activation of
lymphocytes, which culminates in the development of inflamma-
tion. This mechanism may underlie SS pathogenesis in some
patients. Further studies on the molecular basis of the homeo-
static mechanisms in tissues will provide new diagnostic and/
or therapeutic strategies for SS and other tissue-specific autoim-
mune diseases.
EXPERIMENTAL PROCEDURES
Mice
C57BL/6 mice were purchased from Charles River Laboratories Japan (Yoko-
hama, Japan). Nfkbiz/ mice were described previously (Yamamoto et al.,
2004). Age- and sex-matched littermates were used as controls. Rag2/
mice on a C57BL/6 background were obtained from the Central Institute for
Experimental Animals (Kawasaki, Japan). B6-Tg(CAG-FLPe)36 mice (KankiImmunity 38, 450–460, March 21, 2013 ª2013 Elsevier Inc. 457
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Autoimmune Disease in IkB-z-Deficient Miceet al., 2006) (RBRC01834) were provided by RIKEN BioResource Center
through the National Bio-Resource Project of the MEXT, Japan. Tnf/ mice
(Taniguchi et al., 1997) and Stat3flox/flox mice (Takeda et al., 1998); CAG-Cre
(Sakai and Miyazaki, 1997), Lck-Cre (Takahama et al., 1998), LysM-Cre
(Clausen et al., 1999), and K5-Cre (Tarutani et al., 1997) transgenic mice;
and Mb1-Cre knockin mice (Hobeika et al., 2006) were described previously.
All mice were maintained under specific-pathogen-free conditions in the
animal facilities of Tohoku University. Animal experiment protocols were
approved by the Institutional Animal Care and Use Committee.
Nfkbizflox/flox Mice
A targeting vector for the Nfkbizflox/flox mice was constructed to delete exons
5, 6, and 7 of the Nfkbiz gene. Genomic fragments of Nfkbiz were generated
by PCR and cloned with loxP sequences and a Neo cassette flanked by FRT
sequences into a pBluescript plasmid harboring a loxP-Neo cassette, as
shown in Figure S4. The targeting construct was linearized and introduced
by electroporation into the Bruce4 embryonic stem cells derived from
C57BL/6. Clones doubly resistant to G418 and ganciclovir were screened
for homologous recombination by PCR and Southern blotting. The sequences
of the PCR primers used for genotyping are shown in Supplemental Experi-
mental Procedures. The obtained embryonic stem cell clones bearing the
correctly targeted locus were injected into BALB/c blastocysts and chimeric
male offspring were obtained. The chimeric mice were mated with C57BL/6
mice to establish a strain with a germline-transmitted locus. The resulting
mice were bred with B6-Tg(CAG-FLPe)36 mice (Kanki et al., 2006) to delete
the Neo cassette.
Disease Score
Pathological phenotypes of mice were scored according to the following
criteria: 1, periorbital swelling; 2, eyes with discharge that were difficult to
open; 3, periocular skin erosion; 4, inflammation reaching perioral skin;
5, erosion and loss of hair in whole face.
Tear Secretion Test
Eight-week-old Nfkbiz/ or wild-type mice anesthetized with pentobarbital
were intraperitoneally injected with 5 mg/g body weight of pilocarpine hydro-
chloride to stimulate tear production. Tears were measured by a modified
Schirmer test via Zone-Quick (Showa Yakuhin Kako, Tokyo, Japan) at 5 min
after pilocarpine injection.
Quantitative PCR
Total RNA isolated with RNAiso plus (Takara Bio, Otsu, Japan) was reverse
transcribed with Multiscribe Reverse Transcriptase (Life Technologies, Carls-
bad, CA). The cDNA was analyzed by quantitative real-time PCR with SYBR
Premix Ex Taq II (Takara Bio) on the LightCycler system 330 (Roche). The
sequences of the primers used are shown in Supplemental Experimental
Procedures.
Adoptive Transfer
Whole splenocytes or lymph node cells were prepared from wild-type or
Nfkbiz/ mice. Red blood cells in splenocytes were lysed in 144 mM
NH4Cl, 17 mM Tris-HCl (pH 7.7). 1 3 10
7 cells per mouse were injected intra-
venously into 6- to 10-week-old Rag2/ or Nfkbiz/Rag2/ mice.
Retroviral Transduction
FLAG-tagged IkB-z cDNA was cloned into pMY-IRES-EGFP (Kitamura et al.,
2003). Recombinant retroviruses were prepared by transfecting the Plat-E
packaging cells with the plasmid by FuGENE6 (Roche Diagnostics, Indianap-
olis, IN) as previously described (Morita et al., 2000). Pam212 cells were
infected with the retrovirus in the presence of 2 mg/ml polybrene (Merck
Millipore) for 24 hr.
In Vitro Apoptosis Assay
Retrovirally transduced Pam212 cells were treated 100 ng/ml of tunicamycin
or 100 mM of etoposide for 24 hr. Apoptotic cell staining was performed with
Annexin V Apoptosis Detection Kit APC (eBioscience, San Diego, CA), accord-
ing to the manufacturer’s instructions except that 4’,6-diamidino-2-phenylin-
dole (DAPI) was used instead of propidium iodide.458 Immunity 38, 450–460, March 21, 2013 ª2013 Elsevier Inc.In Vivo Caspase Inhibitor Administration
100 nmol of Z-FA-FMK, Z-VAD-FMK, Ac-DEVD-CHO, or 10% dimethyl sulf-
oxide in PBS as a vehicle control were injected into the fundus vein in the
right eyes of 4-week-old Nfkbiz/ mice three times per week for 4 weeks.
Tear secretion and histopathology were examined when the mice were
8 weeks old.
Statistical Analysis
Paired data were evaluated with Student’s t test. A value of p < 0.05 was
considered statistically significant.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
six figures, and one table and can be found with this article online at http://
dx.doi.org/10.1016/j.immuni.2012.11.016.
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